Delayed recovery from surgery causes personal suffering and substantial societal and economic costs. Whether immune mechanisms determine recovery after surgical trauma remains ill-defined. Single-cell mass cytometry was applied to serial whole-blood samples from 32 patients undergoing hip replacement to comprehensively characterize the phenotypic and functional immune response to surgical trauma. The simultaneous analysis of 14,000 phosphorylation events in precisely phenotyped immune cell subsets revealed uniform signaling responses among patients, demarcating a surgical immune signature. When regressed against clinical parameters of surgical recovery, including functional impairment and pain, strong correlations were found with STAT3 (signal transducer and activator of transcription), CREB (adenosine 3′,5′-monophosphate response element-binding protein), and NF-kB (nuclear factor kB) signaling responses in subsets of CD14 + monocytes (R = 0.7 to 0.8, false discovery rate <0.01). These sentinel results demonstrate the capacity of mass cytometry to survey the human immune system in a relevant clinical context. The mechanistically derived immune correlates point to diagnostic signatures, and potential therapeutic targets, that could postoperatively improve patient recovery.
INTRODUCTION
More than 100 million surgeries are performed annually in Europe and the United States (1) . This number is expected to grow as the population ages. Convalescence after surgery is highly variable, and protracted recovery results in personal suffering, functional impairment, delayed return to work, and substantial societal and economic costs (2) . Recent work anchored in concept analysis defined postoperative recovery as the "process to regain control over physical, psychological, social and habitual functions, and return to preoperative levels of independence and psychological well-being" (3) . This definition reflects a shift from traditional recovery parameters, such as length of hospital stay, to patientcentered outcomes including absence of symptoms, the ability to perform regular activities, return to work, and regain quality of life (4) . In this context, major determinants of protracted recovery are fatigue, pain, and resulting functional impairment (5, 6) . Fatigue is a key sickness behavior and is described as "an indefinable weakness throughout the body requiring sitting or lying down after minor tasks."
Perioperative care now includes enhanced recovery protocols and evidence-based practice guidelines largely anchored in observational data (7) . Although these protocols have reduced length of hospital stay, their impact on recovery after hospital discharge and the elements of these protocols that may contribute to improved recovery are uncertain. Similarly, the physiologic and mechanistic underpinnings of surgical recovery remain a "black box" phenomenon. Understanding the mechanisms that drive recovery after surgery will advance therapeutic strategies and allow patient-specific tailoring of recovery protocols. Considering that profound immune perturbations occur in response to surgery, comprehensive and longitudinal characterization of the human immune system in patients undergoing surgery is foundational for gaining such mechanistic insight.
Traumatic injury initiates an intricate programmed immune response (8): Hours after severe trauma, neutrophils and monocytes are rapidly activated and recruited to the periphery by damage response antigens, alarmins (for example, HMGB1), and increased levels of tumor necrosis factor-a (TNF-a), interleukin-1b (IL-1b), and IL-6 (9-11). This is followed by a compensatory phase characterized by decreased numbers of T cell subsets (12) . The various immune cell types are thought to integrate multiple environmental signals into cohesive signaling responses that enable wound healing and recovery. A recent genome-wide analysis of pooled circulating leukocytes revealed that traumatic injury organized more than 80% of the leukocyte transcriptome according to cell type-specific signaling pathways (13) .
The profound inflammatory response to tissue injury has prompted a long-standing interest in unraveling immune mechanisms that determine recovery after surgical trauma (14) . The severity of surgical trauma relates to the magnitude of the immune response, which may in turn influence postoperative outcomes (15) . Previous studies have focused on secreted humoral factors (11, 16) , distribution patterns of immune cell subsets (10, 17) , and genomic analysis of pooled circulating leukocytesHere, mass cytometry, a highly parameterized single cell-based platform that can determine functional responses in precisely phenotyped immune cell subsets (18) (19) (20) , was used to comprehensively characterize phenotypic and functional alterations of the human immune system as they occur in vivo in patients undergoing major surgery. The primary aim was to extract "surgery" or "trauma-specific" immune signatures and to determine, secondarily, whether such signatures contain clinical correlates of surgical recovery.
RESULTS

Mass cytometry enables the detection of surgery-induced immune perturbations in clinical samples
On the basis of a premise that surgical intervention, or "trauma," acts as a systemic perturbation on multiple physiologic processes in the body, cell subsets based on traditional surface marker phenotyping were analyzed simultaneously with intracellular signaling cascades downstream of activated receptors. Whole peripheral blood was collected from primary hip arthroplasty (PHA) patients and, critically, was processed within 30 min to remain as close as possible to in vivo conditions. In a preliminary phase, samples from one patient collected 1 hour before and 1 and 24 hours after surgery were assayed in triplicate to determine whether trauma-induced changes in immune cell frequencies and intracellular signaling responses (phosphorylation of signaling proteins) could reliably be detected with mass cytometry (fig.  S1 ). The sensitivity and specificity of all phospho-specific antibodies used in the assay were validated in vitro in whole-blood samples stimulated with a series of ligands known to induce the phosphorylation of signaling proteins included in the analysis ( fig. S1B ). Reproducible changes were observed for cell frequencies and intracellular signaling responses, validating the assay for subsequent studies ( fig. S1 ).
In a pilot study of six PHA patients ( fig. S2 ), whole-blood samples were collected 1 hour before and 1 hour, 24 hours, 72 hours, and 6 weeks after surgery. Samples were stained with antibodies recognizing 21 cell surface proteins and phosphoepitopes of 10 intracellular proteins, and pERK  pp38  prpS6  pCREB  pSTAT1  pSTAT3  pSTAT4  pSTAT5  pSTAT6  pPLC   2  pERK  pp38  prpS6  pCREB  pSTAT1  pSTAT3  pSTAT4  pSTAT5  pSTAT6  pPLC   2  pERK  pp38  prpS6  pCREB  pSTAT1  pSTAT3  pSTAT4  pSTAT5  pSTAT6  pPLC 2  pERK  pp38  prpS6  pCREB  pSTAT1  pSTAT3  pSTAT4  pSTAT5  pSTAT6 + MCs, CD4 + T cells, and CD8 + T cells). Signal induction for each signaling molecule was calculated as the difference of inverse hyperbolic sine medians between samples obtained at baseline and at 1 hour, 24 hours, 72 hours, and 6 weeks after surgery ("arcsinh ratio"). Five of 10 phosphoproteins (pSTAT1, pSTAT3, pSTAT5, pCREB, and pp38) displayed reproducible changes at 1, 24, or 72 hours after surgery compared to baseline. Results are means ± SEM. SAM two-class paired was used for statistical analysis [** indicates a false discovery rate (FDR) q < 0.01, n = 6].
processed for mass cytometry (20) (Fig. 1A and table S1 ). Substantial effort was undertaken to protect against potential batch effect and minimize signal variation because of sample processing. Each time series was barcoded using a combination of stable isotope mass tags (19) and processed simultaneously, and for each time point, reported frequencies and signaling responses were normalized to their measurements in the patient's baseline sample. Samples were also normalized for signal variation over machine time using normalization beads containing known concentration of metal isotopes, as described by Finck et al. (21) .
Analysis initially focused on neutrophils, CD14 + monocytes (CD14 + MCs), and CD4 + and CD8 + T cells (figs. S3 and S4). Consistent with previous reports (10, 12, 22) , surgery induced a 1.2-fold (±0.06, q < 0.01) expansion of neutrophils 1 hour after surgery, a 1.9-fold (±0.19, q < 0.01) expansion of CD14 + MCs at 24 hours, and a contraction of CD4 + and CD8 + T cells to 0.77-fold (±0.07, q < 0.01) and 0.71-fold (±0.07, q < 0.01), respectively, at 24 hours ( fig. S4 ). Intracellular signaling responses, indicated by changes in phosphorylation of signal transducer and activator of transcription 1 (STAT1), STAT3, STAT5, adenosine 3′,5′-monophosphate response element-binding protein (CREB), and p38, were induced in time-and cell type-specific manners (Fig. 1B, Table 1 ). All patients carried the primary diagnosis of nontraumatic osteoarthritis. Hip arthroplasties were performed using a standard lateral approach. Exclusion criteria included patients with any systemic disease or medication that might compromise the immune system (including recent infections; autoimmune disease; diagnosis of cancer, renal, hepatic, cardiovascular, and respiratory disease resulting in functional impairment; history of substance abuse; or chronic opioid therapy).
Serial blood samples and longitudinal data on clinical recovery were captured over a 6-week period. Whole-blood samples were barcoded, stained using the antibody panel in table S1 (right panel), and processed by mass cytometry as described in the pilot study. The frequencies of neutrophils, CD14 + MCs, classical dendritic cells (cDCs), plasmacytoid dendritic cells (pDCs), natural killer (NK) cells, B cells, and CD4 + and CD8 + T cells were determined by manual gating (23) ( Fig. 2A and fig. S3 ). Consistent with results from previous reports and the pilot study, NK cells [1.6-fold (±0.15, q < 0.01)] and neutrophils [1.3-fold (±0.04, q < 0.01)] expanded 1 hour after surgery. CD14 + MCs expanded 2.4-fold (±0.29, q < 0.01) and 1.8-fold (±0.16, q < 0.01) at 24 and 72 hours, respectively. Mobilization of the myeloid compartment was followed by a contraction at 24 hours of CD4 + and CD8 + T cells to 0.76-fold (±0.04, q < 0.01) and 0.72-fold (±0.03, q < 0.01), respectively, that became less pronounced at 72 hours (0.88 ± 0.04 and 0.85 ± 0.03, respectively, q < 0.01). Consistent with pilot results, cell type frequencies 6 weeks after surgery were similar to presurgical values (q > 0.05).
A major advantage afforded by high-dimensional multiparameter data analyses lies in the ability to detect finely tuned cell subsets with signaling changes that would be undetected in low parameter space. An unsupervised clustering algorithm was applied to comprehensively explore surgery-induced changes in cell subsets that may have been overlooked by manual gating strategies (24) . The algorithm distills multidimensional single-cell data to a hierarchy of related clusters on the basis of cell surface markers (Fig. 2B and fig. S5 ). Cluster-specific analysis of cell frequency changes revealed that clusters within the + MCs in response to surgery A visual synopsis of surgery-induced changes in the phosphorylation states of 11 intracellular signaling proteins across eight different immune cell subsets, at four time points, and in 26 patients is shown (Fig. 3A) . Significance analysis of microarray (SAM) (27) revealed 135 significant immune signaling responses to surgery (q < 0.01) with cell typespecific distributions across major hematopoietic lineages (Fig. 3B) . Notably, 97% of all phospho-signals detected 1 hour before and 6 weeks after surgery were of similar magnitude (q > 0.05), underscoring the tight regulation of the immune system and its ability to restore homeostasis (Fig. 3B) .
Between 1 and 72 hours after surgery, time-dependent signaling responses were detected in all immune cell types (table S2) . Signaling changes were most pronounced in CD14 + MCs and CD4 + T cells (Fig. 3B  and fig. S7 ). Sequential activation of STAT3 and STAT1 characterized the STAT response in CD14 + MCs, whereas activation of STAT3 and STAT5 characterized the STAT response in CD4 + T cells. Activation of STAT3 and STAT5 in CD4 + T cells was detected at 1 hour; the highest level of activity of STAT3 in CD14 + MCs was observed at this time point. Activity of STAT3 and STAT5 was less pronounced in CD8 + than CD4 + T cells but followed a similar pattern. Results indicate early and concurrent activation of major signaling pathways in innate and adaptive immune cell compartments. This challenges the conventional view that innate and adaptive immune responses to surgical trauma follow a sequential temporal pattern.
Further investigation of signaling responses in CD14 + MCs revealed significant dephosphorylation of extracellular signalregulated kinase (ERK), p38, MAPKAPK2 (MK2), p90RSK, rpS6, CREB, and nuclear factor kB (NF-kB) (p65-RelA) at 1 hour after surgery (Fig. 3, A and B, and fig. S7 ). By 72 hours, phosphorylation of these proteins had either returned to or exceeded baseline values. To characterize the signaling network underlying these coordinated phosphorylation patterns, correlation analysis was performed (Fig. 3C) . Clustering of the resultant correlation coefficients revealed four modules that were preserved in all patients at all time points after surgery (Fig. 3, D and E,  and fig. S8 ). Module 1 consisted of pNF-kB, pCREB, and prpS6, and module 2 consisted of pp38, pMAPKAPK2, pERK, and pp90RSK. Each of these proteins can be activated downstream of Toll-like receptors (TLRs) known to play an essential role in the innate response to sterile inflammation (28, 29) . Module 1 also included STAT1, possibly reflecting the indirect regulation of STAT1 downstream of TLR4 (30) . Module 3 consisted of pSTAT5 and pPLCg2, suggestive of coordinated activations of parallel signaling pathways not previously shown to cross-communicate (31, 32) , which warrants further investigation. Module 4 consisted only of pSTAT3 and was anti-correlated with other modules; the pSTAT3 response may be linked to the known increase in plasma IL-6 concentration after surgery (11) .
Considering that the inflammatory response to surgical trauma can engage as many as 40 receptors including receptors for alarmins (such as TLR2 and TLR4), IL receptors, and others (8, 9) , the consistent integration of multiple environmental signals into cell type-specific signaling networks highlights the ability of the immune system to mount a uniform surgical immune response. The magnitude of this response varied among patients, which begs the question as to whether the variability between patients constitutes "noise" or, alternatively, reflects patient-specific differences that could correlate with differences in clinical recovery.
Dense longitudinal characterization of clinical recovery reveals large interpatient variability Fatigue, pain, and resulting functional impairment after surgery critically determine when patients can resume normal activities and return to work (5). Fatigue, pain, and functional impairment of the hip were assessed with the Surgical Recovery Scale (SRS) and adapted versions of the Western Ontario and McMaster Universities Arthritis Index (WOMAC) pain and function subscales. Assessments were obtained daily during hospitalization, and then every third day up to 6 weeks to infer the rate at which individual patient's recovered from surgery. Rates were quantified as the time required to reach half-maximum recovery from fatigue, to transition from moderate to mild pain, and to transition from moderate to mild functional impairment of the hip, all considered to be clinically important milestones in a patient's recovery.
Heat maps depicting parameters of clinical recovery for individual patients during the 6-week period after surgery reflect large interpatient variability for the three outcomes: fatigue, hip function, and pain (Fig. 4, A to C) . The median time to recuperate from postoperative fatigue was 3 weeks. Clinical resolution of substantial functional impairment of the hip (score ≤18) and pain (score ≤12) occurred during the second week (Fig. 4, D to F) . However, the rate of recovery varied greatly among patients. The median time to regain 50% of recovery from postoperative fatigue was 10 days, with a range of 0 to 36 days. The median time to experience only mild functional impairment of the hip was 15 days, with a range of 2 to 42 days. The median time to suffer from only mild pain was 10 days, with a similar wide range of 2 to 36 days (Fig. 4, G to I) . Among all demographic and clinical variables, only gender was significantly related to a clinical recovery parameter. The median time to regain 50% recovery from postoperative fatigue was 6 days (range, 5 to 12) in women and 15 days (range, 6 to 20) in men (P = 0.02). Recovery of postoperative fatigue was not correlated with times to mild functional impairment of the hip or pain, but a significant correlation was detected between the times to mild functional impairment of the hip and pain (R = 0.6, P = 0.004). Thus, in this homogeneous patient population, rates of recovery differed greatly.
Signaling responses in CD14
+ MC subsets correlate with surgical recovery To gain an objective view of the relationships between the multidimensional mass cytometry data set and clinical outcomes, the Citrus method for unsupervised identification of cellular responses associated with a clinical outcome was used (24) (Fig. 5A ). This algorithm demarks cell subsets using the hierarchical clustering described above (Fig. 2) , attributes immune features (cell frequencies and signaling responses) to each cell cluster, and identifies significant associations (q < 0.01) between immune features and parameters of clinical recovery using SAM. Significant correlations were detected for six immune cell features at an FDR of 1% (R = 0.66 to 0.80, table S3). All were signaling responses in CD14 + MC subsets (Fig. 5 , B and C). For instance, changes in STAT3 signaling between 1 and 24 hours in CD14 + HLA-DR low/mid MC clusters strongly correlated (R = 0.72 to 0.80) with time to 50% recovery from postoperative fatigue (Fig. 5B, panel 1, and fig.  S9 ). Changes in CREB signaling between baseline and 1 hour in the CD14 + HLA-DR low MC cluster strongly correlated (R = 0.66) with time to mild functional impairment of the hip (Fig. 5B, panel 2) . Changes in NF-kB signaling between baseline and 1 hour in the CD14 + HLA-DR hi MC cluster strongly correlated (R = 0.71) with time to mild pain (Fig. 5B,  panel 3 ). These correlations remained significant and unchanged when accounting for potential confounders [including sex, age, body mass index (BMI), type of anesthesia, duration of surgery, and estimated blood loss; table S4] and were confirmed by a manual gating strategy ( 
DISCUSSION
This study applied mass cytometry to survey with single-cell resolution the phenotypic and functional alterations of the human immune system in patients undergoing major surgeries, namely, hip arthroplasty. Simultaneous assessment of immune cell distributions and corresponding intracellular signaling events revealed uniform responses across patients, thereby demarcating a surgical immune signature. Engrained in this immune signature were strong correlates (R = 0.7 to 0.8, FDR < 0.01), relating the magnitude of cell type-specific signaling responses to an individual patient's clinical recovery profile.
Mass cytometry provided high-dimensional numerical and functional characterization of the immune response to surgical trauma and enabled the detection of biological mechanisms critically associated with a health-relevant outcome. With an unsupervised algorithmic approach, changes in cell frequencies and immune signaling responses at the single-cell level were systematically evaluated via deep immune system profiling to identify immune correlates of clinical recovery. Two themes evolved: (i) strong correlations were identified with signaling responses but not with changes in cell frequency and (ii) signaling responses that correlated most significantly with clinical recovery occurred in CD14 + MCs. These included changes in STAT3, CREB, and NF-kB activation states within CD14 + MC subsets, which correlated with recovery from fatigue, functional impairment of the hip, and pain after surgery and accounted for 40 to 60% of observed patient variability.
The simultaneous monitoring of major immune cell subsets provided a global view of surgery-induced alterations across the immune system that included precisely timed changes in immune cell distribution and mobilization of distinct signaling networks in innate and adaptive compartments. Consistent with previous studies (10, 12, 22) , innate immune cells expanded soon after surgery, followed by a reduction of cells within the adaptive branch. In contrast, cell signaling responses occurred early and simultaneously within both immune branches. For instance, orchestrated changes in STAT3 and STAT5 signaling manifested within 1 hour after surgery in CD14 + MCs and CD4 + and CD8 + T cells. Our results challenge the view that innate immune responses to trauma precede adaptive responses. It raises the question of whether adaptive immune cells might migrate to sites to prepare for events driven by innate processes. Our data dovetail with findings of a recent genome-wide analysis of the leukocyte response to major trauma (13) .
In that study, up-regulation of genes associated with the innate immune branch and those encoding proinflammatory mediators, including STAT target genes, was concurrent with the suppression of genes associated with the adaptive immune branch including genes regulating T cell proliferation, antigen presentation, and apoptosis. In CD14 + MCs, STAT3 phosphorylation peaked 1 hour after surgery in all patients and coincided with the dephosphorylation of 10 signaling proteins, which formed four distinct modules. The observed activation of STAT proteins in CD14 + MCs within 24 hours after surgery is consistent with previously reported trauma-induced increases in plasma cytokine IL-6 (11) and IL-10 (34), a key response to trauma. Unexpectedly, a biphasic response of several signaling pathways downstream of TLRs, which play a major role in innate immunity (28, 29) , was observed. This might be due to the release of trauma-induced signaling molecules such as HMGB1, heat shock proteins, and other alarmins known to act on TLRs and other immune mediators of inflammation 8, 35) . The coordinated and sequential dephosphorylation and phosphorylation of these proteins are reminiscent of oscillations in NF-kB nuclear translocation, which control the expression of NF-kB target genes (36) . Oscillations in CREB and NF-kB signaling networks together with STAT3 signaling may drive the response of CD14 + MCs to surgical trauma. Observed similarities in signaling activities among patients are indicative of a tightly regimented immune response to surgical trauma. We hypothesized that the differences in the magnitude of such responses may account for differences in recovery from surgery. Indeed, interpatient variability in phosphorylation of proteins within two signaling modules in CD14 + MCs, those involving STAT3 (module 4) and CREB and NF-kB (module 1), strongly correlated with recovery from postoperative fatigue and resolution of pain after surgery, suggesting that differential engagement of these signaling networks in CD14 + MCs regulates important aspects of clinical recovery.
The most significant immune correlates of clinical recovery occurred in CD11b + CD14 + HLA-DR low monocytes. A marked overrepresentation of this cell subset was observed at 24 and 72 hours after surgery. An explanation that could account for this observation is the down-regulation of HLA-DR expression, a proposed mechanism of "monocytic anergy" after major trauma and sepsis (37, 38) . However, phenotypically, the CD11b − cells obtained at baseline and at 1, 24, and 72 hours after surgery were clustered using an unsupervised approach (24) (panels 1 and 2, Fig. 3B ). Immune features, which include frequencies and signaling responses of 11 phospho-proteins, were derived for every cluster (panel 3). SAM quantitative method was used to detect significant correlations between immune features and parameters of clinical recovery (q < 0.01, n = 26, panel 4). Cell cluster phenotypes were identified using cell surface marker expression a correlation between IL-6 plasma concentrations at 24 hours after hip replacement and the time after surgery when a patient was able to walk 25 m (41). Rosenberg et al. found a correlation between leukocyte redistribution from the bloodstream and joint function after surgery in patients undergoing knee replacement (10) . By contrast, the study presented here revealed highly specific immune correlates accounting for 40 to 60% of variability in recovery rates. Previous studies that relied on bulk analysis, precluded detailed subsetting of cells, or could not measure functional attributes of rare cell subsets may have missed strong correlative signals. Notably, in our study, signaling responses in less than 2% of peripheral leukocytes correlated with a given clinical correlate.
This study has certain limitations. The patient cohort, although homogeneous, suffered from minimal comorbidities and underwent the same surgical procedure, which enabled the identification of key immune correlates of recovery from hip surgery. These results may not extrapolate to all types of surgery or trauma, but the highly structured immune response observed in these patients suggests that reported immune signatures might be generalizable. Our study was therefore designed to ask "what were the baseline immune correlates for this type of surgery." We expect of course that comorbidities might introduce additional variations specific to the copathology. The immune correlates of clinical recovery were derived from the analysis of samples collected within 72 hours after surgery, leaving open the possibility that other important and identifiable events may occur later in the recovery phase. Finally, whereas the relevant signaling events identified in the pilot study were subsequently validated in a 26-patient cohort, the predictive value of observed clinical recovery correlates will require prospective validation in an independent patient cohort.
The role of monocytes in surgical recovery and trauma has been the subject of substantial interest (26, (42) (43) (44) (45) . Application of single-cell analysis at the bedside enabled identification of strong and specific immune correlates in CD14 + MCs that accounted for 40 to 60% of patient-associated variability in recovery after PHA. Immune correlates pertained to the functional (that is, signaling) state of CD14 + MCs rather than their frequency. These data provide a set of mechanistically derived immune features for the development of a diagnostic test predicting clinical recovery after PHA. Future studies hold promise for the identification of immune correlates of patient recovery in the context of other traumatic injuries such as orthopedic as well as nonorthopedic surgeries, accidental injuries, and military traumas.
MATERIALS AND METHODS
Study design
Subjects. The study was approved by the Institutional Review Board of Stanford University School of Medicine and registered with ClinicalTrials.gov (NCT01578798). Patients scheduled for PHA for nontraumatic osteoarthritis were recruited from the Arthritis and Joint Replacement Clinic in the Department of Orthopedic Surgery at Stanford University School of Medicine. Hip arthroplasties were performed by one of three surgeons using a standard lateral approach, wound drains, and compression dressings. Anesthetic management consisted of a general inhalation anesthesia supplemented with opiate-based analgesia. Unless counter-indicated, patients were offered a spinal anesthetic. Hospital discharge was planned for postoperative days 3 to 4. A total of 251 patients were screened, 81 were approached for informed consent, 50 were consented, 39 were actively enrolled, and 32 completed the study ( fig. S2 and Table 1) .
Study protocol. Assessments were made 1 hour before and 1, 24, 48, and 72 hours after surgery and every third day from day 6 to day 42. Clinical outcomes were captured with the SRS (0 to 100 = worst to best function), an adapted WOMAC pain scale (WOMAC-P; 0 to 40 = no pain to worst imaginable pain), and an adapted WOMAC function scale (WOMAC-F; 0 to 60 = no impairment to severe functional impairment). Adapted versions were used because not all questions applied to the postoperative setting. Daily opioid consumption was captured as intravenous hydromorphone equivalents. Full versions of the WOMAC, the Short Form Health Survey (SF-36), the Profile of Moods States Tension-Anxiety Scale (POMS-A), and the Beck Depression Inventory (BDI) were completed at the beginning and end of the study (46) (47) (48) (49) .
Clinical data. Recovery from postoperative fatigue (SRS) was quantified as the time required to half-maximum recovery (SRS-t 1/2 ), defined by a surgical recovery index (SRI) equivalent to the sum of the minimum SRI after surgery and half of the difference between the preoperative SRI and the minimum SRI. SRS-t 1/2 represents substantial clinical improvement in five key descriptors of postoperative fatigue: feelings of fatigue, feelings of vigor, impacts on concentration, impacts on energy, and impacts on daily activities. SRS-t 1/2 was more sensitive than time to full recovery because the latter parameter was affected by ceiling effects.
Recovery from pain was quantified as the time required to achieve a WOMAC-P ≤12 (T 12 ). WOMAC-P was composed of four scores (0 to 10 = no pain to most imaginable pain) to quantify pain at night, at rest, when bearing weight, and during walking. A cumulative score of 12 indicates transition from mild to moderate pain across the conditions (50) .
Recovery of hip function was quantified as the time required to achieve a WOMAC-F ≤18 (T 18 ). WOMAC-F was composed of six scores (0 to 10 = no to severely impaired) to quantify function in the affected hip when lying in bed, rising from bed, sitting, rising from sitting, standing, and walking on flat surface. A cumulative score of 18 indicates transition from moderate to mild functional impairment, reflecting substantial improvement in a patient's ability to perform functional tasks involving the hip joint.
Sample size determination for the validation of surgery-induced signaling events. A power analysis was anchored in the pilot data (six patients, Fig. 1 ). Considering all signaling responses with arcsinh ratios equal or greater than 0.2, the response associated with the highest variance (pp38 in CD14 + MCs) was used to determine power. Assuming an a level of 0.001, a sample size of 24 patients would allow detecting this signaling response with a power of 90%.
Patient sample processing by mass cytometry
Whole-blood processing. Blood samples were fixed using a fixation/ stabilization buffer (Smart Tube Inc.) within 30 min of phlebotomy and stored at −80°C. Samples were thawed on the day of processing. Red blood cells were lysed using a hypotonic buffer (Smart Tube Inc.). Peripheral blood leukocytes were washed and resuspended in cell staining medium.
Antibodies. Antibodies were chosen to facilitate the identification of major immune cell types in whole blood ( fig. S3 ) and to measure immune signaling pathways likely to be affected by surgery. The antibodies used for the six-patient pilot study are listed in table S1, a subset of these were used for experiments described in fig. S1 .
Cell barcoding and antibody staining. Time points from the same patient (baseline, 1 hour, 24 hours, 72 hours, and 6 weeks) were barcoded and processed simultaneously for antibody staining (Supplementary Materials and Methods). Therefore, each of a given patient's time points was subjected to identical processing, such that there was no systematic experimental bias applied to a given time point across patients. To protect against potential batch effects, all findings are quantified as relative changes between time points (that is, all reported values are normalized to a signal from its same barcode plate). Machine-based batch effects were normalized after processing (21) .
All decisions regarding which patients were barcoded together, and all staining, mass cytometry analysis, and quantification of changes were performed blinded to the patients' recovery status. In addition, immune features used for regression against recovery were derived blinded to recovery indices.
Mass cytometry. Stained cells were analyzed on a mass cytometer (CyTOF, DVS Sciences) at an event rate of 400 to 500 cells per second. Data files for each barcoded sample were concatenated using an in-house script. The data were normalized using Normalizer v0.1 MCR (21). Files were debarcoded using the Matlab Debarcoder Tool. Gating was performed in http://nolanlab.cytobank.org ( fig. S3 ).
Mass cytometry data processing. An inverse hyperbolic sine transformation was applied to analyze protein phosphorylation data. The difference of the median of the transformed values between baseline and 1 hour, 24 hours, 72 hours, and 6 weeks after surgery is reported as the arcsinh ratio.
Statistical analysis
Statistical analyses of molecular parameters. Significant changes in cell frequency and phosphorylation state were inferred with SAM (27), using the "samr" package in R. SAM is a nonparametric test that assigns a score to the change in each feature, and thresholds that score for significance based on an estimate of FDR derived from permuting the observed data. This test was selected because it considers multiplehypothesis testing, makes few assumptions about the distribution of the underlying data, and has been validated for use on high-dimensional biological data. SAM two-class paired was performed for hand-gated data. Significance was inferred for an FDR <1% (q < 0.01).
Correlation network analysis. Monocyte signaling responses from all time points were used to generate a Pearson correlation matrix, which was clustered using single-linkage clustering ( fig. S8 ). Clusters were collapsed into a module when the within-cluster correlation exceeded 0.7 (Fig. 3D) . Correlations between two modules were calculated as the average of the correlation between the points in the two modules (Fig. 3E) .
Clustering. Hierarchical clustering using Ward's linkage and Euclidean distance was performed as described by Bruggner et al. (24) on CD45 + CD66
− cells using R (Figs. 2 and 5 ). Cells were clustered on the basis of the expression of CD7, CD19, CD11b, CD4, CD8, CD127, CCR7, CD123, CD45RA, CD33, CD11c, CD14, CD16, FoxP3, CD25, CD3, HLA-DR, and CD56. Ten thousand events were sampled from each patient sample for clustering. Clusters containing at least 1% of all clustered cells are graphically displayed. Cluster plots depict the clustering hierarchy, and nodes are scaled on the basis of frequency of cells in that cluster. Data from time points that were included in the same SAM analysis were clustered together to enable comparison of clusters between time points.
Correlation analyses of molecular and clinical parameters. Correlation analyses of molecular features derived from mass cytometry data and clinical parameters were performed using Citrus, a method for unsupervised identification of cellular responses associated with a clinical outcome (24) . Briefly, cell subsets were identified using hierarchical clustering as described in the Clustering section. Cells from each patient and from each time point were pooled for clustering to enable comparison across samples. For each cluster in each patient, cluster abundances and the median value of 11 phospho-proteins were calculated as relative changes between time points to avoid potential batch effects. Associations between clinical endpoints and cluster properties were identified using the SAM quantitative method. Repeated runs of the analysis with identical parameters confirmed that results were reproducible.
Partial correlation was performed by correlating the residuals from (i) the correlation of the clinical covariate with the immune feature and (ii) the correlation between the clinical covariate and the clinical index. Clinical covariates included age, sex, BMI, estimated blood loss, length of surgery, use of regional anesthesia, and baseline clinical indices of recovery. Analysis was performed in the R software environment. P values from this analysis were compared to the P values for the immune feature correlation with the clinical index and are listed in table S4.
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